Pseudo-Majoron as dark matter  by Gu, Pei-Hong et al.
Physics Letters B 690 (2010) 145–148Contents lists available at ScienceDirect
Physics Letters B
www.elsevier.com/locate/physletb
Pseudo-Majoron as dark matter
Pei-Hong Gu a,∗, Ernest Ma b, Utpal Sarkar c
a Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany
b Department of Physics and Astronomy, University of California, Riverside, CA 92521, USA
c Physical Research Laboratory, Ahmedabad 380009, India
a r t i c l e i n f o a b s t r a c t
Article history:
Received 15 April 2010
Received in revised form 2 May 2010
Accepted 5 May 2010
Available online 12 May 2010
Editor: T. Yanagida
Keywords:
Pseudo-Majoron
Dark matter
Seesaw
We consider the singlet Majoron model with softly broken lepton number. This model contains three
right-handed neutrinos and a singlet scalar besides the standard model ﬁelds. The real part of the singlet
scalar develops a vacuum expectation value to generate the lepton number violation for seesaw and
leptogenesis. The imaginary part of the singlet scalar becomes a massive pseudo-Majoron to be a dark
matter candidate with testability by colliders, direct detection experiments and neutrino observations.
© 2010 Elsevier B.V. Open access under CC BY license. 1. Introduction
The existence of non-baryonic dark matter [1] indicates the ne-
cessity of supplementing the SU(3)c × SU(2)L × U (1)Y Standard
Model (SM) with new ingredients. There have been many interest-
ing proposals for the dark matter. The simplest dark matter candi-
date seems to be a scalar phantom [2–4]. It is a stable SM-singlet
and has a quartic coupling with the SM Higgs doublet. Through its
annihilation into the SM particles, the dark matter scalar can con-
tribute a desired relic density to our universe. The coupling of the
dark matter scalar to the SM Higgs also opens a window to verify
the dark matter property by colliders and direct detection experi-
ments.
Observations on solar, atmospheric, reactor and accelerator neu-
trinos have established the phenomenon of neutrino oscillations
[5]. The required massive and mixing neutrinos also implies the
need for new physics beyond the SM, where the neutrinos are
massless. Currently the seesaw [6] mechanism and its variants
[7,8] are the most popular scheme for generating the small neu-
trino masses. If the neutrinos are Majorana particles, lepton num-
ber must be broken by the neutrino masses. For example, in the
canonical seesaw model [6] the lepton number is explicitly bro-
ken by the Majorana masses of right-handed neutrinos, which have
Yukawa couplings with the SM lepton and Higgs doublets. The see-
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nism to explain the matter–antimatter asymmetry in our universe.
In this scenario, a lepton asymmetry is ﬁrst produced by the lepton
number violating interactions for generating the neutrino masses
and then is partially converted to a baryon asymmetry through
sphaleron [10].
In order to understand the lepton number violation for the
seesaw and the leptogenesis, we can consider more fundamental
theories, where the lepton number violation is induced by sponta-
neous breaking of a local or global symmetry. The simplest pro-
posal is to consider the singlet Majoron model [11], where the
global lepton number will be spontaneously broken after a com-
plex singlet scalar develops a vacuum expectation value (VEV).
The right-handed neutrinos can obtain Majorana masses through
their Yukawa couplings with this singlet scalar. Associated with
the spontaneous symmetry breaking of the global lepton number,
there is a massless Goldstone Majoron. The Majoron could be-
come a massive pseudo-Majoron in some variants of the singlet
Majoron model. For example, in the presence of the Yukawa cou-
plings of new colored fermions to the singlet scalar, the Majoron
could get a tiny mass through the color anomaly [12,13]. This Ma-
joron thus becomes a pseudo-Majoron, which provides a solution
for the strong CP problem, as the global lepton number symmetry
now is identiﬁed with the U (1)PQ symmetry [14]. In this Letter, we
extend the singlet Majoron model with softly broken lepton num-
ber. We ﬁnd the induced pseudo-Majoron can account for the dark
matter. Compared with the dark matter model of the scalar phan-
tom [2–4], the pseudo-Majoron as the dark matter will not provide
new implications on the collider phenomenology and the direct
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cay of the pseudo-Majoron will induce distinguishable signals in
the future neutrino experiments [15].
2. The model
We extend the SM with two types of singlets: one is a scalar
and the other contains three right-handed neutrinos. As the SM
leptons carry a lepton number L = 1, we assign L = 1 for the
right-handed neutrinos and L = −2 for the singlet scalar. Within
the renormalizable context, we can write down the lepton number
conserving interactions involving the neutrinos,
LY ⊃ −yνψ¯LφNR − 1
2
hξ N¯cRNR + h.c. (1)
Here ψL and φ, respectively, are the SM lepton and Higgs doublets,
NR denotes the right-handed neutrinos and ξ is the singlet scalar.
The lepton number conserving potential of the scalar ﬁelds should
be
V (ξ,φ) = −μ21ξ †ξ + λ1
(
ξ †ξ
)2 − μ22φ†φ + λ2(φ†φ)2
+ 2λ3ξ †ξφ†φ, (2)
where λ1,2 > 0 and λ3 > −√λ1λ2 to guarantee the potential
bounded from below.
In the Yukawa interaction (1) and the scalar potential (2), the
lepton number is ﬂexible to be either a local or a global symme-
try. In the present work, we are interested in the global case. It is
well known that the spontaneous symmetry breaking of the global
lepton number will induce a massless Majoron. Alternatively, we
take into account the soft breaking of the global lepton number
to make the massless Majoron become a massive pseudo-Majoron.
For simplicity, we only introduce the following soft term,
Vsoft = −12μ
2
3
(
ξ2 + h.c.). (3)
Other soft terms such as the Majorana masses of the right-handed
neutrinos can be forbidden by appropriate discrete symmetries. For
example, we can impose a Z4 symmetry under which
φ → φ, ξ → −ξ, f → i f . (4)
Here f stands for the SM fermions and the right-handed neutrinos.
It is convenient to expand the singlet scalar by two real scalars,
ξ = 1√
2
(σ + iχ), (5)
and then rewrite the full potential (2) and (3) in a new form,
V = −1
2
(
μ21 + μ23
)
σ 2 + 1
4
λ1σ
4 − 1
2
(
μ21 − μ23
)
χ2
+ 1
4
λ1χ
4 − μ22φ†φ + λ2
(
φ†φ
)2 + 1
2
λ1σ
2χ2
+ λ3σ 2φ†φ + λ3χ2φ†φ. (6)
3. Vacuum expectation values and masses of scalars
In order to break the lepton number and the electroweak sym-
metry, the singlet scalar ξ and the SM Higgs doublet φ will de-
velop VEVs. For example, with the following parameter choice,
λ2(μ
2
1 + μ23) − λ3μ22
λ1λ2 − λ23
> 0, (7a)
λ1μ
2
2 − λ3(μ21 + μ23)
λ λ − λ2 > 0, (7b)1 2 3λ1λ2μ
2
3 − λ23μ22
λ1λ2 − λ23
> 0, (7c)
we ﬁnd two nonzero and one zero VEVs,
u = √2〈σ 〉 =
√
λ2(μ
2
1 + μ23) − λ3μ22
λ1λ2 − λ23
, (8a)
w = √2〈χ〉 = 0, (8b)
v = √2〈φ〉 =
√
λ1μ
2
2 − λ3(μ21 + μ23)
λ1λ2 − λ23
. (8c)
In consequence, there are three massive scalars
Lm ⊃ −1
2
(Φ, H,χ)
⎡
⎣ 2λ1u
2 2λ3uv 0
2λ3uv 2λ2v2 0
0 0 2μ23
⎤
⎦
⎡
⎣ΦH
χ
⎤
⎦ , (9)
where the scalars Φ and H are deﬁned by
σ = 1√
2
(u + Φ) and φ = 1√
2
[
v + H
0
]
. (10)
The mass term (9) clearly indicates that χ has no mixing with Φ
and H because of its zero VEV. The VEV v  246 GeV has been de-
termined for the electroweak symmetry breaking. We will clarify
later the VEV u should be near the GUT scale as the pseudo-
Majoron χ is expected to be an attractive dark matter candidate.
For such a huge hierarchy between u and v , the mixing between
Φ and H is extremely small so that H can be identical to the SM
Higgs boson. We thus simplify the mass term (9) to be
Lm ⊃ −1
2
m2ΦΦ
2 − 1
2
m2H H
2 − 1
2
m2χχ
2 (11)
with
m2Φ  2λ1u2, m2H  2λ2
λ23
λ1
v2, m2χ = 2μ23. (12)
4. Leptogenesis and seesaw
Before the spontaneous symmetry breaking of the lepton num-
ber, the right-handed neutrinos don’t have Majorana masses. In-
stead, they have Yukawa couplings with the singlet scalar as shown
in Eq. (1). After the singlet scalar develops its VEV, we can obtain
the Majorana masses of the right-handed neutrinos. At this stage,
we can conveniently derive
L⊃ −yνψ¯LφNR − 1
2
MN N¯
c
RNR + h.c. (13)
with the deﬁnition
MN = 1√
2
hu. (14)
Clearly, with the Yukawa and mass terms (13), the decays of the
right-handed neutrinos can generate a lepton asymmetry stored in
the SM lepton doublets as long as CP is not conserved [9,16]. Sub-
sequently the sphaleron [10] process will partially transfer the pro-
duced lepton asymmetry to a baryon asymmetry which accounts
for the matter–antimatter asymmetry in the universe. We should
keep in mind that through the Yukawa interaction (1), the right-
handed neutrinos not only obtain Majorana masses MN but also
couple to the scalars Φ and χ . The couplings to Φ and χ will re-
sult in some annihilations of the right-handed neutrinos [17]. For a
successful leptogenesis, these annihilations should go out of equi-
librium before the out-of-equilibrium decays of the right-handed
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ber breaking scale u ∼ 1016 GeV, the Yukawa coupling h is much
smaller than unit for the desired Majorana masses MN < 1014 GeV
so that the annihilations can be highly suppressed.
The interactions (13) also accommodates the seesaw solution to
the small neutrino masses. After the electroweak symmetry break-
ing, the SM neutrinos νL can obtain Majorana masses,
Lm ⊃ −1
2
mν ν¯Lν
c
L + h.c. (15)
The neutrino mass matrix mν is given by the seesaw [6] formula,
mν = −mD 1
MN
mTD withmD =
1√
2
yν v, (16)
where mD is the Dirac mass matrix between the left- and right-
handed neutrinos. For MN < 1014 GeV, the neutrino masses can be
naturally small with mD being at the weak scale.
5. Pseudo-Majoron as dark matter
From the Yukawa interaction (1), we can derive the coupling of
the pseudo-Majoron to the right-handed neutrinos,
L⊃ − i
2
√
2
hχ N¯cRNR + h.c. (17)
Since χ is expected to be the dark matter, its lifetime should be
long enough. For this purpose, we consider the case of mχ 
 MN ,
which can be easily achieved by taking proper parameter choice.
In this case, the pseudo-Majoron will decay into the SM parti-
cles through the virtual right-handed neutrinos. Conveniently, we
can integrate out the heavy right-handed neutrinos to derive the
effective couplings of the pseudo-Majoron to the left-handed neu-
trinos,
Leff = imν2u χν¯Lν
c
L
(
1+ H
v
)2
+ h.c. (18)
If the pseudo-Majoron is in the TeV region, its decay width will
be dominated by the two-body decay into the left-handed neutri-
nos,
Γχ = 1
16π
Tr(m†νmν)
u2
mχ = 1
16π
∑
i mˆ
2
νi
u2
mχ , (19)
which, in turn, gives the lifetime,
τχ = 1
Γχ
=
(
0.01 eV2∑
i mˆ
2
νi
)(
u
5.5× 1015 GeV
)2(1 TeV
mχ
)
× 1026 s.
(20)
It is straightforward to see the lifetime can be very long for a huge
lepton number breaking scale.
As a successful dark matter candidate, its relic density should
be consistent with the cosmological observations [1]. It has been
studied by many people [2–4] that a stable SM-singlet scalar with
a quartic coupling to the SM Higgs doublet can serve as the
dark matter because it contributes a desired relic density through
the annihilations into the SM particles. In the present model,
the pseudo-Majoron χ also has a quartic coupling with the SM
Higgs,
V ⊃ λ3χ2φ†φ ⇒ λ3vχ2H + 1
2
λ3χ
2H2. (21)
This means the unstable pseudo-Majoron χ with a very long
lifetime deﬁnitely can play the role of the dark matter. Notefor a sizable λ3, the present symmetry breaking pattern, i.e.
u ∼ 1016 GeV  v  246 GeV, requires a large cancellation be-
tween λ3u2 and μ22 so that λ3u
2 − μ22 can be of the order
of v2.
The coupling of the pseudo-Majoron χ to the SM Higgs H
not only determines the dark matter relic density but also opens
a window for the dark matter detection [2–4]. For example, the
Higgs H can mostly decays into the dark matter χ so that the
dark matter is possible to ﬁnd as a missing energy at colliders such
as the CERN LHC. Furthermore, through the t-channel exchange
of the Higgs H , the dark matter χ will result in an elastic scat-
tering on nucleons. Therefore its property can be veriﬁed by the
dark matter direct detection experiments. Actually, such a type of
scalar dark matter can well explain the recent CDMS-II [18] dis-
covery [4]. On the other hand, the pseudo-Majoron χ couples to
the right-handed neutrinos NR . This makes the dark matter χ un-
stable. Although the dark matter decays are highly suppressed by
the huge lepton number breaking scale, it can produce sizable neu-
trino ﬂuxes which are sensitive in the next generation of neutrino
experiments [15].
6. Summary
In the singlet Majoron model, there would be a massless Ma-
joron associated with the spontaneous symmetry breaking of the
global lepton number. In this Letter, we extend the singlet Majoron
model with the softly broken lepton number so that the massless
Majoron can become a massive pseudo-Majoron. We demonstrate
that this pseudo-Majoron can be a dark matter candidate with
interesting implications on the collider phenomenology, the dark
matter direct detection experiments and the future neutrino ob-
servations.
Acknowledgement
P.H.G. thanks Manfred Lindner for hospitality at Max-Planck-
Institut für Kernphysik and thanks the Alexander von Humboldt
Foundation for ﬁnancial support.
References
[1] J. Dunkley, et al., WMAP Collaboration, Astrophys. J. Suppl. 180 (2009) 306.
[2] V. Silveira, A. Zee, Phys. Lett. B 161 (1985) 136.
[3] J. McDonald, Phys. Rev. D 50 (1994) 3637;
C.P. Burgess, M. Pospelov, T. ter Veldhuis, Nucl. Phys. B 619 (2001) 709.
[4] X.G. He, T. Li, X.Q. Li, H.C. Tsai, arXiv:0912.4722 [hep-ph];
M. Farina, D. Pappadopulo, A. Strumia, arXiv:0912.5038 [hep-ph];
M. Asano, R. Kitano, arXiv:1001.0486 [hep-ph].
[5] T. Schwetz, M.A. Tórtola, J.W.F. Valle, New J. Phys. 10 (2008) 113011.
[6] P. Minkowski, Phys. Lett. B 67 (1977) 421;
T. Yanagida, in: O. Sawada, A. Sugamoto (Eds.), Proc. of the Workshop on Uni-
ﬁed Theory and the Baryon Number of the Universe, KEK, Tsukuba, 1979,
p. 95;
M. Gell-Mann, P. Ramond, R. Slansky, in: F. van Nieuwenhuizen, D. Freedman
(Eds.), Supergravity, North Holland, Amsterdam, 1979, p. 315;
S.L. Glashow, in: M. Lévy, et al. (Eds.), Quarks and Leptons, Plenum, New York,
1980, p. 707;
R.N. Mohapatra, G. Senjanovic´, Phys. Rev. Lett. 44 (1980) 912.
[7] M. Magg, C. Wetterich, Phys. Lett. B 94 (1980) 61;
J. Schechter, J.W.F. Valle, Phys. Rev. D 22 (1980) 2227;
T.P. Cheng, L.F. Li, Phys. Rev. D 22 (1980) 2860;
G. Lazarides, Q. Shaﬁ, C. Wetterich, Nucl. Phys. B 181 (1981) 287;
R.N. Mohapatra, G. Senjanovic´, Phys. Rev. D 23 (1981) 165.
[8] M. Roncadelli, D. Wyler, Phys. Lett. B 133 (1983) 325;
P. Roy, O. Shanker, Phys. Rev. Lett. 52 (1984) 713;
P.H. Gu, H.J. He, JCAP 0612 (2006) 010;
P.H. Gu, H.J. He, U. Sarkar, Phys. Lett. B 659 (2008) 634.
[9] M. Fukugita, T. Yanagida, Phys. Lett. B 174 (1986) 45.
[10] V.A. Kuzmin, V.A. Rubakov, M.E. Shaposhnikov, Phys. Lett. B 155 (1985) 36.
148 P.-H. Gu et al. / Physics Letters B 690 (2010) 145–148[11] Y. Chikashige, R.N. Mohapatra, R.D. Peccei, Phys. Lett. B 98 (1981) 265.
[12] J.E. Kim, Phys. Rev. Lett. 43 (1979) 103;
M.A. Shifman, A.I. Vainshtein, V.I. Zakharov, Nucl. Phys. B 166 (1980) 493.
[13] M. Shin, Phys. Rev. Lett. 59 (1987) 2515;
E. Ma, Phys. Lett. B 514 (2001) 330.
[14] R.D. Peccei, H.R. Quinn, Phys. Rev. Lett. 38 (1977) 1440.
[15] L. Covi, M. Grefe, A. Ibarra, D. Tran, arXiv:0912.3521 [hep-ph].
[16] P. Langacker, R.D. Peccei, T. Yanagida, Mod. Phys. Lett. A 1 (1986) 541;M.A. Luty, Phys. Rev. D 45 (1992) 455;
R.N. Mohapatra, X. Zhang, Phys. Rev. D 46 (1992) 5331;
M. Flanz, E.A. Paschos, U. Sarkar, Phys. Lett. B 345 (1995) 248;
M. Flanz, E.A. Paschos, U. Sarkar, J. Weiss, Phys. Lett. B 389 (1996) 693;
L. Covi, E. Roulet, F. Vissani, Phys. Lett. B 384 (1996) 169;
A. Pilaftsis, Phys. Rev. D 56 (1997) 5431.
[17] P.H. Gu, U. Sarkar, arXiv:0909.5468 [hep-ph].
[18] Z. Ahmed, et al., CDMS-II Collaboration, arXiv:0912.3592 [astro-ph.CO].
